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Project Overview

Established in 2013, the Consortium for Computational Physics and Chemistry (CCPC)
continues to evolve and adapt to advance bioenergy.
Project Goals: Develop & apply a fundamental science-based computational toolset that ‘ CC PC
enables & accelerates l// Consortium for Computational
1. discovery and optimization of cost-effective catalyst materials for bioenergy applications, physics and Chemistry

U.S. DEPARTMENT OF ENERGY

2. translation of catalyst discoveries by ChemCatBio to higher technical readiness levels, and
3. cost-effective scale-up of bioenergy catalytic conversion technologies relevant to industry.

A multi-scale problem
... A multi-lab solution

Heilmeier’s Catechism:

* What are you trying to do?
Accurately model bioenergy conversion processes with fundamental science theory.

* How is it done today?
With a multi-scale approach that enables translation of science phenomena to process performance.

 Why is it important?
Modeling enables cost-effective and time-effective R&D which bioenergy needs for commercialization.

* What are the risks?
The largest risk is a disconnect of theory/modeling and experiment since combined they provide the greatest understanding of
the science of bioenergy conversion.

Chem Bio Bioenergy Technologies Office | 2



Management

ChemCatBio

Chemical Catalysis for Bioenergy
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Bioenergy Technologies Office (BETO) Consortia /

The Consortium for Computational Physics and
Chemistry (CCPC) is a Bioenergy Technologies Office
(BETO) consortium composed of six national labs
applying multi-scale computational science to enable
bioenergy successes in other BETO consortia.

CCPC

Consortium for Computational
Physics and Chemistry

U.S. DEPARTMENT OF ENERGY

BIOENERGY TECHNOLOGIES OFFICE
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Bioenergy Technologies Office (BETO) Consortia /

|
The CCPC conducts R&D in close fc I c
collaboration with four BETO consortia

e X

FEEOSTOCK-CONYERSION
INTERFACE CONSORTIUM

ChemCatBio

Chemical Catalysis for Bioenergy
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CCPC Industry Engagement via Advisory Boards /

The CCPC engages with industry via consortia-specific Industry Advisory Boards as well as a CCPC Industry
Advisory Board (renewed in early 2021 with focus on computational application knowledge in industry)

C C P C FCIC Industry Advisory Board
00

:’ Consortium for Computational
Physics and Chemistry

U.S. DEPARTMENT OF ENERGY
BIOENERGY TECHNOLOGIES OFFICE

ChemCatBio

Chemical Catalysis for Bioenergy

ChemCatBio Industry Advisory Board
% BIOPROCESSING

SEPARATIONS

CONSORTIUM

CCPC Industry Advisory Board BioSepCon Industry Advisory Board

(@ Co-Optimization of Fuels & Engines

FOR TOMORROW'’S ENERGY-EFFICIENT VEHICLES

Co-Optima Industry Advisory Board

ChemCatBio
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CCPC Management Approach Utilizes Technical Liaisons

CCPC designated Technical Liaisons and additional leadership roles in multiple
consortia enable covering wide expanse of bioenergy R&D across BETO

Technical Liaison: Peter Ciesielski

FCIC Task 3 Lead: Yidong Xia c I c

FCIC Task 6 Co-Lead: Jim Parks " Fer0STOCK-CONVERSION

i @ i @ i @ i @ INTERFACE CONSORTIUM

l" e onarmputationa! Technical Liaison: Rajeev Assary g \ Chem
Six CCPC members on Steering Committee [/ * & 2 Gremical Catalysis for Bioenergy
o e et 'ﬁ‘ * 'ﬁ‘ * 'ﬁ‘ * 'ﬁ‘ * 'ﬁ‘ * 'ﬁ‘ *
CCPC Coordination

PI: Jim Parks Technical Lisison: Vanda Glezak BIOPROCESSING
BETO TM: Trevor Smith S o 0g e iezalol SEPARATIONS

CONSORTIUM

. . . . \"' e - I-'"“'“\_ - ~ ; - T e a1 b .
Technical Liaison: Seonah Kim Q Co-Optimization of Fuels & Engines

il

Chem
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CCPC Management Approach Utilizes Technical Liaisons /

X CC PC ChemCatBio

% Q Chemical Catalysis for Bioenergy
(\Q Consortium for Computational
U.S. DEPARTMENT OF ENERGY

Physics and Chemistry

BIOENERGY TECHNOLOGIES OFFICE

The technical portion of this presentation is focused on ChemCatBio research.

CCPC research for other consortia is being covered
in their respective Peer Review sessions.

ChemCatBio
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Management: ChemCatBio Foundation — FY21

Integrated and collaborative portfolio of catalytic technologies and enabling capabilities

Catalytic Technologies

Catalytic Upgrading of Biochemical
Intermediates
(NREL, PNNL, ORNL, LANL)

Upgrading of C1 Building Blocks
(NREL)

Upgrading of C2 Intermediates
(PNNL, ORNL)

Catalytic Fast Pyrolysis
(NREL, PNNL)

Electrocatalytic CO, Utilization
(NREL)

Enabling Capabilities
Advanced Catalyst Synthesis and

Characterization
(NREL, ANL, ORNL)

Consortium for Computational

Physics and Chemistry
ORNL, NREL, PNNL, ANL, NETL

Catalyst Deactivation Mitigation
for Biomass Conversion
(PNNL)

Cross-Cutting Support

ChemCatBio Lead Team Support (NREL)

ChemCatBio DataHUB (NREL)

Industry Partnerships
(Phase Il Directed
Funding)

Opusl12 (NREL)

Visolis (PNNL)

Sironix (LANL)

ChemCatBio
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CCPC Coordination, Integration, and Outreach

In addition to the consortia collaborations, the CCPC also manages and operates important
computational R&D programs with BETO and manages outreach and tech transfer for CCPC outcomes

\ New! !
Direct Funding Assistance \

Program (Launched in FY2020):
3 Industry-led collaborative projects
with CCPC start in FY2021

forestconcepts

I
Catalyxx

_ yran )

4 CCPC

Consortium for Computational
Physics and Chemistry

U.S. DEPARTMENT OF ENERGY
BIOENERGY TECHNOLOGIES OFFICE

\ New! l
BETO-HPC Program in High \

Performance Computing
(Launched in FY2020):
Dedicated computational resources
allocated via user facility
mechanism to BETO researchers

/‘/\'\
SUmmit A

[Outputs, Outreach, & Tech Transfe
Peer-Reviewed Publications

Conference Presentations

Public Webinars

Industry Visits/Webinars

Website for Public Outreach
www.cpcbiomass.org

Public Open-Source Code
github.com/ccpcode

@ python

Ridne

N\ /

MIFiX

N\

~

r

End Goal is Impact to Support the Bioenergy Industry with Unique Computational Science Toolsets

Chem Bio
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Supporting Development of ChemCatBio DataHub: Catalyst Property Database

The Catalyst Property Database (CPD)
» A centralized, searchable repository of catalyst properties

» Initial release: DFT-computed adsorption energies for
intermediates on catalyst surfaces

» Publicly accessible
» Data subject to quality control

CCPC Key Contributions and Impact:

* Contribute critical quantum chemistry expertise to inform
database and user interface development

* Provide and curate data through (1) literature mining and
(2) executing simulations

«™

'4\ Energy Materials Network

U.S. Department of Energy

"-"\Chem

cpd.chemcatbio.org

Catalyst Property Database

Search the Catalyst Property Database
Add Criteria to Search
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k \V/ Chemical Catalysis for Bioenergy

In collaboration with the ChemCatBio Data Hub project

Chem
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Approach

ChemCatBio

Chemical Catalysis for Bioenergy
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CCPC Timeline: Continued Evolution to Meet Needs

Accomplishment
Tech transfer of biomass
feedstock model assists

Forest Concepts to convey
product value to customers

I .
FEEOSTOCK-CONVERSION

EEDSTOCK-CONVERS
INTERFACE CONSORTIUM

ChemCatBio Launched
with CCPC, ACSC, and
CCM enabling projects

[ \Chem

/ Chemical Catalysis for Bioenergy

Go/No-Go Stage
Passed
Pyrolysis and
catalysis outcomes
on track

Accomplishment
Modeling outcomes
provided critical input
into Catalytic Fast
Pyrolysis decisions

Go/No-Go Passed
Kinetics application

DFO Projects Launch

) New logo
DOE supported industry in 2021
assistance from CCPC \
forestconcepts Q CC PC

Consortium for Computational
Physics and Chemistry

Catalyxx Fi?ra n

o

U.S. DEPARTMENT OF ENERGY

BIOENERGY TECHNOLOGIES OFFICE

BETO-HPC Launched
Dedicated BETO High-
Performance Computing

//\‘\

a0

[ FY19 }

Accomplishment

[ FY18 }

Demonstrated ability to predict a }

pyrolysis oil yield as function of L FY17
! FY16
FY15

feedstock size and shape
(
L FY14 Accomplishment

Sub-models used in
commercial software
(CSFMBO®O©)

Accomplishment
Identified aldol
pathway preference
(vs.alkyl) for reduction
coke formation

Original logo
in 2013 FY13

Accomplishment
Surface Phase Explorer
tool released to public

Computational Pyrolysis
Consortium Began

Chem

BETO TMs since 2013: Melissa Klembara, Prasad Gupte, Jeremy Leong, Andrea Bailey, Trevor Smith

New AOP includes kinetics focus,
new tools, & more connections

New Task Structure implemented to align with
BETO Verification Pathways

Pee.r Rewgw Gyldance . BIOPROCESSING
Interactions with Bioprocessing SEPARATIONS

Separations Consortium initiated SONS kLK

Redefined as Consortium for Computational Physics and
Chemistry (CCPC) with expanded focus on catalysis

Bioenergy Technologies Office | 13



Consortium for Computational Physics and Chemistry (CCPC)

Catalysis Modeling Catalyst Particle Modeling
at Atomic Scales at Meso Scales

LiNREL *NREL §

MNATIONAL RENEWABLE ENERGY LABORATORY
MNATIONAL RENEWABLE ENERGY LABORATORY

Determining optimal
process conditions for
maximum yield and
enable scale-up of
ChemCatBio catalysts

Argon ne°

NATIONAL LABORATORY

-

Pacific
Northwest
MNATIONAL
LABORATORY

Investigating novel catalyst material combinations
and understanding surface chemistry phenomena to Understanding mass transport of
guide experimentalists reactants/products, reaction kinetics, and
coking and deactivation processes

Task
Coordination, Integration, and
Industry Outreach

CO, Conversion

Multi-scale modeling and simulation to

OAK :
Coordinate R&D, outreach, & enable efficient CO, conversion

M industry engagement

National Laboratory

CCPC Industry Advisory Panel

Conversion Modeling
at Reactor Scales

“=INATIONAL
N: ENERGY

T L TECHNOLOGY
LABORATORY

OAK
RIDGE

National Laboratory

EP_G
1.000e+00

o o
[+=] 0

RERRRRRNRARRRRARR!
=
o
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Risks and Mitigation Strategies /

ChemCatBio

Chemical Catalysis for Bioenergy

Accelerated catalyst and process development cycle

Advanced Catalyst Synthesis

. oG o and Characterization Project Advanced
Model vs. Real Catalyst Mitigation ) - o
Surface Structure aracterization
O e
H’DHE' |

T %y —Hy

" ow “Z:'f::..un..: Next
High Degree of Process Tar eted\\‘f{gw .
sh =es J " Generation ",

Complexity Synthesis Catalysts

7 @%:6 ,,cff
: °-g

(" Predictive
Models

Catalyst Deactivation
Mitigation for Biomass
Conversion Project

N
O
920

High Performance
Computing Availability

Consortium for Computational
Physics and Chemistry

U.S. DEPARTMENT OF ENERGY

EEEEEEEEEEEEEEEEEEEEEEEEEEE
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Risks and Mitigation Strategies /

Model vs. Real Catalyst
Surface Structure

(1) Multiscale modeling approach

Close collaboration with experimental

pathway projects for validation of models

(3) Utilization of reduced-order models and
lumped kinetics when appropriate

High Degree of Process Mitigati on (2)
Complexity

High Performance
Computing Availability

ChemCatBio Bioenergy Technologies Office |



Risks and Mitigation Strategies /

Model vs. Real Catalyst
Surface Structure

High Degree of Process
Complexity

High Performance
Computing Availability

summit
Mitigation The BETO-HPC Program

...more info in upcoming slides ,ﬂ[m

ChemCatBio Bioenergy Technologies Office |



Responses to Previous Reviewers’ Comments (FY2019 Peer Review)

* Positive Feedback:
« “..a very impressive effort that covers many scales of catalyst/reactor performance.”

* “A well organized, expansive center level effort which did an excellent job of demonstrating its pervasive value throughout CCB

[ChemCatBio].”

“The approaches taken by computational physics and chemistry team are the scientifically sound application of mathematical
models to problems arise from biomass conversion technologies.”

“The operation of the CCPC is to what all the Enabling Capability projects might aspire. What a solid, helpful, impactful

consortium.”

* Advice and Constructive Criticism:
* “Experimental validation will always continue to be the key to computational programs building both the researchers and process

deign engineer’s confidence as reasonable agreement is reached at all scales.”
* Response: We agree and continue to observe the critical need for high quality experimental validation. We continue to improve in our
interactions with experimentalists toward this key.
» “Atomic scale activities should continue to show clearly how the computer experimental results will be incorporated in reaction

engineering models for MFiX and the anticipated implications of these new simulations.” & “CCPC has an opportunity to
demonstrate how all of these efforts mathematically fit together at least at a simple first approach to establish the “knowledge

train” for a commercial design basis.”
* Response: Yes, we like the “knowledge train” objective to bridge our multi-scale models. We have made progress in linking kinetics and meso-
scale models to fixed bed reactor models. We have more progress to complete our “train” from atomic to reactor.

» “..the group is encouraged to pursue leverage with the existing basic science programs.”
* Response: We agree. We have leveraged basic energy sciences programs specifically related to atomic-scale catalysis modeling techniques.

» “..machine learning algorithms might be a great fit for these multiscale reactor models....”
* Response: We agree. We have leveraged machine learning tools and continue to pursue this approach along with high-performance computing.

Note: select reviewer comments shown. For full reviewer assessment, see 2019 BETO Peer Review Report at www.energy.gov/eere/bioenergy/2019-project-peer-review-report
Bioenergy Technologies Office |
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New Directions for the CCPC in High Performance Computing

The BETO-HPC Program

The Bioenergy Technologies Office (BETO) has partnered with
the Advanced Manufacturing Office and the Oak Ridge
Leadership Computing Facility (OLCF) to acquire and host
access to High Performance Computing (HPC) resources.

Launched in FY2020, BETO-HPC is a dedicated HPC
resource operated as a user program by the CCPC and
OLCF providing ~100M core-hrs per year access to:

Ridge élﬁﬁt

40 CPU nodes (5120 core equivalent) 18 nodes (16,200 core equivalent)
5 CPU+GPU (1750 core equivalent) Hybrid CPU-GPU
#2 most powerful computer in world*

*based on Nov. 2020 Top500 List at top500.0rg (Fugaku in Japan is current #1)
Chem Bio

Summit supercomputer at Oak Ridge
Leadership Computing Facility

Bioenergy Technologies Office |



A New Approach for the CCPC Being Pursued on Summit /

 The BETO-HPC computing resources open a new paradigm for computational science, and the
CCPC is investigating approaches for utilizing high performance computing to advance bioenergy

» Six (6) BETO-HPC projects approved to-date
« CCPC scientists leading three (3) BETO-HPC projects

BETO-HPC Project: Atomic-scale
Modeling for Heterogeneous Catalyst
Development for Catalytic Fast
Pyrolysis (Carrie Farberow, NREL)

BETO-HPC Project: Massive-GPUs BETO-HPC Project:

Atomistic Computational Catalysis
(Rajeev Assary, ANL)

Simulation of High-Solids Biomass
Slurry Flow (Yidong Xia, INL)

Challenges include: software/code readiness, approach, validation challenges, etc.

This project uses high performance computing

5u"-,"-,'t resources located at Oak Ridge National Laboratory ,?'[,['E

and provided by the Bioenergy Technologies Office.

The end goal is to utilize BETO-HPC Summit nodes to evaluate algorithms that can enable advanced
approaches in computational science for bioenergy. If successful, larger user allocations on Summit
can be acquired via the OLCF User Facility program (operated by DOE Office of Science).

ChemCatBio Bioenergy Technologies Office | 20



FY2020 Go/No-Go Passed: Kinetics Approach Assessment

Go/No-Go Criteria:

» Using kinetics data extracted from data from designed experiments with ChemCatBio colleagues, demonstrate
ability of process models to predict catalytic upgrading conversion efficiency and coking degradation rates.

» Kinetics implemented in multiple models
« Experimental validation on 2 reactors (2FBR, TCPDU)

» 5 publications to-date Kinetic reaction pathway
Critical elements to reactor & process developed and a_pplied by CCP C
model include reaction kinetics team for Catalytic Fast Pyrolysis

Reaction
Kinetics

Furans,
Phenols
Naphthols

Particle
Diffusion
& Mass
Transfer

Carbons

Coke, Light
Gases,
Water

Reactor

Model and 0 c . .
Validation Dedicated kinetics R&D launched in

Data FY18 successful with method being
applied in ongoing CCPC R&D

Kinetics implemented in full CFD (MFiX) reactor simulation
of Catalytic Fast Pyrolysis vapor upgrading in TCPDU reactor

Pyrolysis Hydro- Light
Vapors carbons [Naphthols ases &
(PV) (HC) G)
PV HC FPN LG WAT
0.29 ED.DSQ _0.012 t0.13 -0.042
[ i 3 E -
022 —0.067 —0.0087 0.095 ~0.031
3 - : = - BE
—014 0,044 00058 0,063 0,021

0,0 00 'ﬁ 0.0 1R, jil— 00

ChemCatBio*Achieved in close collaboration with ChemCatBio and NREL 2FBR & TCPDU Experimental Teamssiocnergy Technologies Office |

Coke
(CK)

OKE
0.0053

Ennmo
éo.ooz?
00013
00

21



Impact:
Atomic-Scale Modeling

ChemCatBio

Chemical Catalysis for Bioenergy

D o T e Office of ENERGY EFFICIENCY
ENERGY & RENEWABLE ENERGY
BIOENERGY TECHNOLOGIES OFFICE
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* Model investigates the structure of Cu-Zn-Y/BEA zeolite and the reaction

Role of H, on Cu oxidation state in Cu-Zn-Y/BEA (Beta) zeolite for upgrading of
ethanol explains experimental results of varying selectivity with H, partial pressure

Model identifies location
of Cu active site in zeolite

Normalzed Intensity (a.u.)

Model “H2”

pathways in operation during ethanol upgrading

XANES experimental results validate
model Cu site oxidative state predictions

Experimental

—— Cu-Beta 823K O,/He
—— Cu-Beta 673K H,/He

Q0 8980 899 9000 9010 9020 9030
Energy (eV)

after H,

LN

Capabilities developed in Basic Energy Sciences catalysis program applied:

(1) Simulate spectroscopies to ensure model. (2) Utilize AIMD and statistical mechanics to
determine thermodynamics. (3) Use CINEB and/or Constrained MD to determine kinetics.
Y also has a role due to Lewis acidity; ongoing research to understand relative role of Y to

Cu effect shown will further correlate atomic scale theory with experimental findings

In collaboration with the C2+ Upgrading and Advanced
Catalyst Synthesis and Characterization (ACSC) projects

Chem

H, Partial
Pressure
(kPa)

96.4

95.8

94.5

93.0

90.6

72.6

72.9

70.6

65.2

24.8

0.3

0.5

1.7

8.3

47.5

9.4

9.0

10.5

10.3

10.7

Results relevant to product selectivity
dependence on H, partial pressure

Product Selectivity

Csi” ButadieneIOxygenates Paraffins

0.6

0.5

0.3

0.2

0.1

Impact:

(1) Experimental and model results validate role of H, on

Cu site and resulting effect on product selectivity

(2) H, partial pressure can be adjusted to produce middle

distillate and butadiene simultaneously

(3) Preliminary TEA indicates coproduction of butadiene

can significantly reduce MFSP

1o CCPC Contributors: Roger Rousseau (PNNL), Vanda Glezakou (PNNL), Mal-Soon Lee (PNNL), Gregory Collinge (PNNL)

Bioenergy Technologies Office |
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Lewis acid and solvent effect on glucose conversion to hydroxymethylfurfural (HMF)

OH OH OH
0. _OH o OH 0
OH °
HO OH \W/
OH L HO OH Dehydration
|somerization _3H,0
Glucose Fructose T HMF
- - Ontro, -
Controlied by Bransted acid:'!ty
Lewis acidity with solvent effect
Lewis Acid Catalyst
Acid n(&yomo-ELumos kcal/mol)
1374 Result: Established
11 relationship revealing that
1 1205 . .
S5 Ml ma HMF production is
45.8
promoted when the metal
073 32.6 35.8 45.2 chloride catalyst and
3805 <5 Substrate had a similar
§2.2 8e 0 aca H
A=31E58 86.0 853 chemical hardness.
' 75.3
Base n(eyomo-ELumo kcal/mol)
AICl;  CrCl; CuCl, FeCl, CoCl, FeCls

68.0 65.6 31.6 31.8 350 255
Higher Exp. HMF yield (0.025N HCI, %) Lower
Catalytic w Catalytic
Activity Activity

HMF is an important renewable platform compound that can
be obtained from biomass feedstocks through glucose
conversion. A key challenge is maximizing the HMF yield

Approach: combine experimental (CUBI project) and
computational (CCPC atomic-scale) tools to identify key catalyst
and organic solvent descriptors determining the HMF yield

Solvent Effect
1 Mean Absolute Error: 3.0 % PMSO 3
. e e e 000, . Result: Developed
-1 Dioxane o o .
_ * ot multivariate model to
£ 50 . :
5 EOH (21%) predict experimental HMF
% 40- (Exp.: 38% . . .
8407 o m ) Acstone yields in water-organic
: 1-BuOH 0,
£ 304 $ CPME (37%) cosolvent systems
< Waler C'; guNOH (Exp.: 31%) y
> 20+ ¥ MTBE (30%)
= I MiBK (Exp.: 19%)
T 10 4 o—>Toluene
*=—i PrOH (Mean Absolute Error of
. ‘THF External Validation: 10.7 %)
o ’ 10 20 30 40 50 60 70

HMF Yield (%, Predicted)

Impact: Established criteria for choosing Lewis Acid catalyst and organic

In collaboration with Catalytic Upgrading of
Biochemical Intermediates (CUBI) project

Chem

=io CCPC Contributors: Carrie Farberow (NREL), Seonah Kim (NREL), Yeonjoon Kim (NREL)

solvent to maximize HMF production in glucose conversion

Y. Kim, A. Mittal, D. J. Robichaud, H. M. Pilath, B. D. Etz, P. C. St. John, D. K. Johnson, S. Kim, “Prediction of Hydroxymethylfurfural
Yield in Glucose Conversion through Investigation of Lewis Acid and Organic Solvent Effects” ACS Catalysis (2020) 10, 14707

Bioenergy Technologies Office | 24



Reaction pathway to minimize coke formation for increased time on stream shown
via model of reaction thermodynamics for metal nanoparticles on 7ZrO,/SiO,

OH NN SN .
P AL )\/\ - o HOcrotyl alcohol —* butadi; P Improved Durablllty &
; IOH > B hod—> o ;\? —m/t\lﬁd\ . N Butene/Butadiene
ethano acetaldenyae -Nydroxybuiana crotonalaenyae \ \/\ . .
Metal Nanoparticle on S N o >SN - butenes ‘ietlecn:';yt y
Zr0,/SiO, Catalyst . ., butyraldehyde 1-butanol arenss T Btadiens
.. 4 Vo vatay Reaction Profile _ &0
o7 96,0 _' Critical Branch Point <
-~ = £
) 8 0.0 P undesired % 40
2 ki pathway 2
< 10 /" crotyl alcohol 8
5 .O/\/\ 20
LlJ -
E 20 ~—Through Butadiene (a) Cr°t°“a|d"-‘hvde \ .
o 3.0 ——Through 1-Butanol (b) /\/\ desired :
= Reaction Step 0 butyraldehyde pathway 24 hr 48 hr i 24 hr 48 hr

With | Without

Approach: H, Spillover  H, Spillover

Impact:

* Employ ab initio molecular dynamics (AIMD), _ . .
(1) Model enables understanding the role of catalyst in each step of the cascading

statistical mechanics, and reaction coordinate

constrained optimizations to determine sequence of reactions.

reaction thermodynamics and kinetics of (2) Different metal formulations have been computationally screened to find catalyst
competing pathways on metal nanoparticle that avoids selectivity to butadiene which is a coke precursor.

catalyst supported on ZrO,/SiO,. (3) Improved durability and selectivity to butene result.

Akhade, ,et al. (2020). Influence of Ag metal dispersion on the thermal conversion of ethanol to butadiene over Ag-ZrO2/SiO2 catalysts. Journal

In collaboration with the C2+ Upgrading project of Catalysis, 386, 30-38.
Dagle, V. L., et al. (2020). Single-Step Conversion of Ethanol to n-Butene over Ag-Zr02/SiO2 Catalysts. ACS Catalysis, 10(18), 10602-10613.

Chem E210CCPC Contributors: Roger Rousseau (PNNL), Vanda Glezakou (PNNL), Sneha Akhade (PNNL), Simuck Yuk (PNNL), Greg Collinge (PNNL)Bioenergy Technologies Office | 25




Impact:
Meso-Scale Modeling

ChemCatBio

Chemical Catalysis for Bioenergy

D o T e Office of ENERGY EFFICIENCY
ENERGY & RENEWABLE ENERGY
BIOENERGY TECHNOLOGIES OFFICE
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Mesoscale modeling predicts synthesis targets for optimal catalyst particle
porosity for improved performance

* Mesoscale simulations performed in 2018/2019 investigating
catalyst pore size predicts introducing additional meso- and
macro pores will improve catalyst activity lifetime

* Based on these predictions, a nanocellulose catalyst
templating method was developed to increase meso/macro
porosity

* As predicted, templated catalysts with larger pores were
shown to out-perform catalysts with micro/nanopores in CFP
experiments, even though the total surface area was lower

* This templating method is being extended to the Pt/TiO,
system in FY21 in collaboration with the Engineering of
Catalyst Scale Up project in the Systems Development and

Integration Program 60%
uCO,
Impact: 50% =CO
; : molefins
(1) Mesoscale model predicted performance improvement from 40%
° m Sugars

S

@

catalyst porosity design which was experimentally validated >
(2) Results gave increased yield of C products from fast pyrolysis 5
2

©

&)

®acids

aromatics

vapor upgrading due to addition of larger pores with nanocellulose ® Primary Furans

20%
template technique Furans
P Primary Ketones and Aldehydes
10% I
I

® Ketones and Aldehydes
In collaboration with the Catalytic Fast Pyrolysis, Advanced

Catalyst Synthesis and Characterization (ACSC), and
Engineering of Catalyst Scale Up (in SDI Program) projects

micro/nanopores micro/nanopores +

meso/macropores

Moyer, K., Conklin, D. R., Mukarakate, C., Vardon, D. R., Nimlos, M. R., & Ciesielski, P. N. Frontiers in chemistry, 2019
Chem E2io CCPC Contributors: Peter Ciesielski (NREL), Mark Nimlos (NREL) Bioenergy Technologies Office | 27



Extending classic fundamentals to solve new catalysis problems — cascading
reactions with diffusion limitations

* The State of the art for accounting for diffusion limitations in
porous catalysts was developed by Thiele (1930s) and Aris
(1970s)

* Problem: The classic mathematical framework described by
the Thiele Modulus and Effectiveness Factor does not allow for
complex, multi-step reactions

* Solution: The CCPC team extended this classic theory using
matrix-vector form to account for sequential, diffusion-limited /
D

Rutherford Aris:
Effectiveness Factor

n = 3B (4 coth(g) — 1)

Bi
(¢ coth(¢) — 1+ Bi)

Earnest Thiele: |
Thiele Modulus

ka?

eff

=
Il
o

CfB i

reactions with deactivation

iffusion of reactants

* The Multicomponent Effectiveness Vector is a new inie catabvstparticly
mathematical tool for analyzing diffusion limitations for
cascading reaction mechanisms in catalyst pellets:

n =PD (32111' (\/X coth(\/X) - l)) p_lcﬂ.at,oo

Impact:

New Multicomponent Effectiveness Vector approach to diffusion
in/out of catalyst particles enables multiscale models to rapidly and
simultaneously couple intra-particle and bulk transport phenomena
to complex reaction mechanisms.

salwéﬁﬂpdjp/(q pue buixiw jing

In collaboration with the Catalytic Fast Pyrolysis and Advanced
Catalyst Synthesis and Characterization (ACSC) projects Lattanzi, A. M., Pecha, M. B., Bharadwaj, V. S., & Ciesielski, P. N. 2019. Chemical Engineering Journal

Chem E2io CCPC Contributors: Peter Ciesielski (NREL), Brennan Pecha (NREL), Vivek Bharadwaj (NREL), Aaronn Lattanzi (NREL) Bioenergy Technologies Office | 28



Impact:
Reactor-Scale Modeling
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Coke oxidation in catalytic packed bed reactor captured by model

Step 1: Apply coke profile from Step 2: Use 2D axisymmetric model to extract parameters from Step 3: Build 3D model using COMSOL Reactive Pellet
Pt/TiO, upgrading kinetic model 2FBR data. Validate accuracy with CO, and temperature data. Bed with particle resolution as low as 42 (real/virtual)

Qutflow

Macrescale:
Concentration in fluid
passing through bed

Microscale:
Concentration

[ l\m porous peller =
[S—

Pellet radius roq

bt

Inflow

25
H H H 0.8% 500
.‘ COke dlStr’bUtlon along A;=25m?/(mol.s) — ks, eff=0.25 W/(mK) hw=1,000W/[m2.K|
20 | @ e o | " — ks, eft=0.675 W/{m.K) hw=60 W/(m2.K]
ataIySt bed fIOW axis ) 8 COZ VsS. Tlme a0 | | — s effL 725 W/imK) hw=20 W/{m2.K)
B, Loosn | Mg ks,eff=11.9W/(mK) hw=30W/(m2.K)
s N 3 g Moo o - - Data from Figure 2
. 5 oo |§ . 160
2 g |8 s
= S 04% @; ]
g £ o I 440 L
- g — ks,eff=0.25 W/{m.K) hw=1,000 W/[m2.) Temperature
03 © Kinetic Model Prediction o -tSIE::D‘WS W;EN‘K; hhw=50 w/.{(mLTJ 420 .’ .
Aol Sk = ks,eff=1.725 W/[m.K) hw=40 W/{m2K 3
18 e 0.1% ks,eff=11.9 W/(m.K) hw=30 W/(m2.K) Vs' T,me
= Eqn 18, (B=1.8779 o Datafrom Figure 2 A= 25m*/{mol 5)
0.0 0.0% 400
B 0.2 04 0e o 1 2 3 4 5 § 7 8 9 W 12 3 4 s & 71 8 0
x = 2flen_bed Time, hr Time, hr
* Challenge: design catalytic packed bed Cooling rods

reactor at 60x scale of 2FBR system

* Need: a computational model of the

Pt/TiO, catalyst reactor that captures coke 01
oxidation and associated thermal m
exotherms accurately 0.05
? 0
2FBR —— TCPDU —— Commercial

In collaboration with the ChemCatBio project on Catalytic Fast
Pyrolysis, the Systems Development and Integration (SDI) program,
and Thermochemical Process Development Unit (TCPDU) team

-0.05

-0.1

2FBR=2" Fluidized Bed Reactor (2” diameter reactor)
TCPDU=ThermoChemical Process Development Unit
(15 kg/hr biomass flow)

Impact:

Model of coke distribution along catalytic
packed bed reactor and associated kinetics
for coke oxidation enable predictive design
of coke oxidation effects on reactor
temperatures

B.D. Adkins et.al, Predicting thermal excursions during in-situ oxidative regeneration of packed
bed catalytic fast pyrolysis catalyst, submitted to Reaction Chemistry and Engineering

Chem CCPC Contributors: Bruce Adkins (ORNL), Peter Ciesielski (NREL), Brennan Pecha (NREL)

Bioenergy Technologies Office | 30



CCPC reactor models inform path forward for Catalytic Fast Pyrolysis

Packed Bed Reactor for Pt/TiO,
catalyst constructed in silico to
understand thermal excursions and
associated stresses during coke
regeneration

Kinetics for Pt/TiO, determined with
CCPC developed techniques with data
from Catalytic Fast Pyrolysis
experimentalists

Results identified peak temperatures
that would damage Pt/TiO, structure
and likely cause attrition from
thermally-induced mechanical
stresses

Impact:
Critical decisions on next steps for

Catalytic Fast Pyrolysis project informed

by model predictions of temperature
spikes and gradients that predict
catalyst damage in 60x scale up step

Temperature (T)

t=3hrs

°C

400 SLPM N2
No Cooling
Air

Air Flow Directionx

600

500
450

400

300

250

200

100

Gradient (VT)
°C/cm

Rate (dT/dt)
°C/s

300

250

200

150

200 SLPM N2
600 SLPM
Cooling Air

600

550

500

450

400

350

300

250

200

150

100

300

250

200

150

100

0.01

In collaboration with the ChemCatBio project on Catalytic Fast
Pyrolysis, the Systems Development and Integration (SDI) program,
and Thermochemical Process Development Unit (TCPDU) team

B.D. Adkins et.al, Predicting thermal excursions during in-situ oxidative regeneration of packed
bed catalytic fast pyrolysis catalyst, submitted to Reaction Chemistry and Engineering

Chem =io CCPC Contributors: Bruce Adkins (ORNL), Peter Ciesielski (NREL), Brennan Pecha (NREL) Bioenergy Technologies Office | 31
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Performance and Deactivation Mechanisms for Pt/TiO, Hydrodeoxygenation Catalysts

Atomic-scale Structure-function Relationships Inform R&D of Multifunctional HDO Catalysts

Bifunctional Pt/TiO, catalysts are active toward hydrodeoxygenation (HDO) reactions for CFP Pt/TiO, deactivation by K
upgrading. Catalyst R&D is targeting improved selectivity to deoxygenation products and s

OHrueminn
mitigating deactivation. M2 Otg s

204 [ SIS -
Computational Approach: Develop atomic-scale models of Pt metal, TiO, support, and Pt/TiO,

interface based on experimental characterization to elucidate function in key reaction steps

Absorbance (a.u,)
[ ]

Carboxylic Acid Reactivity on Pt/TiO,
* Established the role of metal and interfacial sites in carboxylic acid deoxygenation (desired) 054 A . §-3.4— -
and decarbonylation/decarboxylation (undesired) through acetic acid (AA) HDO simulations S e ) 586+ -
3800 3700 3600 3500 3400 3300 .38 n
Deactivation of Pt/TiO, During HDO Wavenumber (cm"') o
2 TTR TS TR
* Determined site-dependent adsorption energetics of K to provide insight into experimental & &\m\@ @w@
trends for K-induced deactivation of model reaction chemistries of of
QTR
Relevance: Atomic-level structure-function Adsorption of AA HDO Intermediate
relationships for the multiple Pt/TiO, active sites _ (@° [°
. ) i Pt(111)  Pt,,/OH-aTiO,(101)
informs the design of these catalysts to improve 2 2
activity and selectivity and mitigate deactivation. = [
-4 - -4
w
In collaboration with the Catalytic Fast Pyrolysis, . 1 e -
Advanced Catalyst Synthesis and Characterization, . = P/OHOa O L,
and Catalyst Deactivation Mitigation Projects =0l g g 3 ) g S

Acetaldehyde
Acetic Acid

F. Lin, et al. “Deactivation by Potassium Accumulation on a Pt/TiO, Bifunctional Catalyst for Biomass Catalytic Fast Pyrolysis ”, in preparation
Chem E2io CCPC Contributors: Carrie Farberow (NREL), Sean Tacey (NREL) Bioenergy Technologies Office |
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Activity and Water Stability of MgO(111) for 2-pentanone condensation

CCPC modeling contributing to broad ChemCatBio R&D on H,0 effects

« Understand the reaction mechanism of 2- (b)  pemtanon gh)z
pentanone condensation on MgO(111) surface (a) o &T*' o= T —Mgo—
and the role of H,0 in catalytic activity. vi~comdenation z.pema.mwm

* Water molecule dissociate into surface L S A 7 AP
hydroxyls to stabilize the MgO(111) surface __Hﬁ_‘—(_e_‘—f':_
and reduce the energy barriers by mediating e TS s

Reaction scheme of 2-pentanone

the proton transfer steps.
condensation on OH-MgO(111) surface

* Experimental validation of MgO(111) catalyst

activity?

o : : Water effect? 1 —MgO(111) ==OH-MgO(111
reactivity in collaboration CUBI Project © T g0 goti)
00 |
> 10 |
Relevance: S a0
Mechanistic understanding of ketone condensation and a
. ) ) 30 |
catalytic impact of water guides experimental research
to design and develop efficient ketones condensation Schematic of condensation reaction on 40
catalyst with high activity and water tolerance. MgO(111) and OH-MgO(111) surfaces 50— tion Coordinate

Energy profile of 2-pentanone condensation

In collaboration with Catalytic Upgrading of on MgO(111) and OH-MgO(111) surfaces
Biochemical Intermediates (CUBI) and Advanced * X.Huo, D. Conklin, M. Zhou, R. S. Assary, S. Purdy, K. Page, Z. Li, K. A. Unocic, R. Balderas, R. Richards, D. Vardon,

Catalyst Synthesis and Characterization (ACSC) and Activity and water stabilitY of MgO(111) nanoparticle.s for 2-pentanone condensat.ion f i.n prer.)ara.tion.
.. .. . . * M. Zhou, X. Huo, V. Vorotnikov, D. R. Vardon, L. A. Curtiss, R. S. Assary, “A computational investigation of methyl
Catalyst Deactivation Mitigation projects

ketones condensation on MgO surfaces: role of water”, in preparation

Chem E2io CCPC Contributors: Rajeev Assary (ANL), Larry Curtiss (ANL), Mingxia Zhou (ANL) Bioenergy Technologies Office | 34



|dentification of Active Carbide/ Nitride Catalysts for Hydrodeoxygenation (HDO)

High Performance Computing enables high throughput catalyst screening

* Developed 121 surfaces in eight carbides and nitrides
catalysts (Mo,C, MoC, Mo,N, W,C, NbC, VC, VN, and NbN)
for HDO reaction.

* Most active surfaces for HDO reactions are Mo,C(111),
MoC(011/101),  Mo,N(001),  Mo,N(011/101),  and
Mo,N(010/100).

* Based on the microkinetic modeling, the HDO catalytic
activity of carbides and nitrides surfaces are limited. New T2 LN A

dopants such as Ni can increase the catalytic activity and (Dcatalysts Screening
decrease the catalyst deactivation.

* 5M CPU-hrs on ANLs Theta High Performance Computer

-
"
log(TOF, 5)

Surface Energy

Relevance: O* Removal Energy
This a priori identification of active catalyst
domains for HDO reaction from simulations
provide guidelines to improve the optimal catalytic

activity and to develop new catalyst designs.

#
- .'.. - I - ,,
- B

N
L

C* Binding Energy

AN e

tL K )
»AE)e

Schematic of catalyst design for HDO reaction

. i * M. Zhou, H. A. Doan, L. A. Curtiss, R. S. Assary, “Accelerated discovery of metal carbides and nitrides catalysts for

In collaboration with the hydrodeoxygenation reaction from high-throughput screening and deep-dive prediction” in preparation

Catalytic Fast Pyrolysis Project * M. Zhou, H. A. Doan, L. A. Curtiss, R. S. Assary, “Effect of Ni Dopant on Furan Activation over Mo,C Surface: Insights from First-
Principles-Based Microkinetic Modeling”, J. Phys. Chem. C, 2020, 5636-5646

ChemCatBEio CCPC Contributors: Hieu Doan (ANL), Rajeev Assary (ANL), Larry Curtiss (ANL), Mingxia Zhou (ANL) Bioenergy Technologies Office | 35



Development of Deep Learning Models for Catalytic Reactions

CCPC tool development in area of Machine Learning utilizing High Performance Computing

* Performed high-throughput DFT
simulations to build a database of oxygen
adsorption on Mo,C catalysts

~ ~ 12,000 BE,

.
Qatabase,

* 3500 catalyst sites modeled to obtain

DFT-optimized

bimetallic Mo,C surfaces

| Adsorption geometry |

oxygen binding energy

e 10M CPU-hrs on ANLls Theta High
Performance Computer

 Developed a Graph Neural Network
model for predicting oxygen binding
energy on bimetallic Mo,C (MAE = 0.1 eV)

Relevance:

The GNN model significantly speeds oxygen adsorption
energy prediction on any bimetallic Mo,C facets, thus
enabling the computational design of bimetallic Mo,C
nanoparticle catalysts with optimal oxygen binding energy.

8
. Mo [ Mo C -
Encoding : ‘!.?.!.c Edge features:

| MAE =0.1eV

GNN-BE,, (V)

oo

Testing
——

3 T T T T T
-3 -2 -1 0 1 2

DFT-BE,, (V)

T
3

o Node features:
- Element
- Atomic number

- Bond degree
- Bond type

\ Training

Feature #1

Feature #2

Feature #3

\Output Layer\ \Hidden Layer\ \Input Layer\

Prediction of oxygen binding energy from the adsorption graph

CCPC advanced tool development

* H. A. Doan, G. Sivaraman, M. Zhou, L. A. Curtiss, R. S. Assary. “Graph neural network for fast

and accurate predictions of oxygen binding energies on Mo,C catalysts”. In preparation.

Chem E2io CCPC Contributors: Hieu Doan (ANL), Rajeev Assary (ANL), Larry Curtiss (ANL), Mingxia Zhou (ANL)

Bioenergy Technologies Office | 36



Pyrolysis vapor upgrading over Pt/TiO,: hierarchical transport
modeling and kinetic parameter extraction

Advancements in kinetic parameter extraction enabled by meso-scale catalyst models

Multiscale Packed Bed Reactor

* Enabled by the multicomponent effectiveness vector model with cascading reactions.

(MEV), kinetic parameters for upgrading of transport-
independent pyrolysis vapors over Pt/TiO, were
extracted from experimental data.

* Model was used to extract transport-independent
kinetic parameters from Catalytic Fast Pyrolysis
experiments performed at NREL

* The model was validated against several different sets of
experimental conditions with excellent agreement and
robust predictive capability

* The validated kinetic model enables broad parametric o o N
analysis and enables high-fidelity reactor scale studies of Robust kinetic parameters and predictive capability
upgrading and regeneration processes

Iterative parameter optimization

coke concentration vs reactor length, 0.5%Pt ,B:C=12
0.025 =on
—— 08h
—— 1.5h
— 22h
3.1h
3.8h
4.5h
5.3h

0.01F 6.1h

0 —

0.02

Relevance: CCPC modeling toolset can extract kinetic parameters
from experimental data for use in predictive reactor design R&D.

0.015

concentration, kg/m3

In collaboration with the
Catalytic Fast Pyrolysis Project

0 0.2 04 0.6 0.8 1
normalized reactor length, I/L

Pecha, lisa, Griffin, Mukarakate, French, Adkins, Bharadwaj, Crowley, Foust, Schaidle, and Ciesielski. Reaction Chemistry and Engineering, 2020
Chem E2io CCPC Contributors: Peter Ciesielski (NREL), Brennan Pecha (NREL), Vivek Bharadwaj (NREL), Bruce Adkins (ORNL) Bioenergy Technologies Office | 37




Summary: Consortium for Computational Physics and Chemistry

 Management

« Consortium dedicated to computational science connects across multiple Bioenergy
Technologies Office consortia

- (New!) CCPC Direct Funded Assistance Program Approach

) CCPC
* Integral component of ChemCatBio accelerated catalyst and process 1,’

development cycle together with sister enabling projects Advanced Catalyst o o computational
Synthesis and Characterization and Catalyst Deactivation Mitigation P e——

« [New! |BETO-HPC: Dedicated High-Performance Computing on Summit (world’s #2
fastest computer) and Ridge
* Impact www.cpcbiomass.org
 Lewis acid and solvent effects on glucose conversion to Hydroxymethylfurfural used
to provide predictive guidance for Catalytic Upgrading of Biochemical Intermediates

 Structure, energetics, and reaction pathways defined for ethanol upgrading over A multi-s.cale problfzm
Cu/BETA in collaboration with Advanced Catalyst Synthesis and Characterization ... A multi-lab solution
and C2+ Upgrading Projects.

» Kinetics and particle-scale mass/heat transfer effects applied to Pt/TiO, packed bed
reactor for Catalytic Fast Pyrolysis to cost-effectively inform scale up decisions

* Progress and Accomplishments

 Accomplishments span atomic-, meso-, and reactor-scales with integration of
modeling at different scales forming "knowledge train” to advance bioenergy
successes at commercial scale

Chem Bioenergy Technologies Office |



Quad Chart Overview: Consortium for Computational Physics and Chemistry (CCPC)

FY2021 Budget by Task

Timeline
Task Budget :
1 Coordination 5 550,000 » Project start date: October 1, 2019
2. Atomic Scale $ 801,000 » Project end date: September 30, 2022
3. Meso Scale S 356,000 . x
4. Process Scale S 643,000 FY2020 FY2021
5. CO2 Conversion | S 950,000 DOE $2.95M distributed | $3.0M distributed
Total| $ 3,000,000 Funding | over 5 NLs [S2.0M | over 5 NLs (see
ChemCatBio, details at left) [$2.0M
FY2021 Budget by NL $0.95M CFP ChemCatBio, $1.0M
NL [Tasks] |Budget Verification] CO, Conversion]
ORNL[1,4,5]| S 816,000 :
ANL [2,5] $ 457,000 PrOJeCt Partners
NETL [4] $ 267,000 « ORNL (Iead_), ANL_, NETL, NREL, PNNL
NREL[2,3,5] | $1,003,000 [ChemCatBio Project]
PNNL([2,5] |$ 457,000  Note: INL also member of CCPC, but INL
Total| $3,000,000 R&D in CCPC funded by FCIC*** Project

*FY2020 funding included $2.0M for

ChemCatBio R&D and $0.95M provided by
the Systems Development and Integration

Program for CCPC participation in the

Catalytic Fast Pyrolysis Verification project

**FY2021 funding includes $2.0M for
ChemCatBio R&D and $1.0M for CO,

Conversion R&D
Chem

Barriers Addressed (from MYPP***)

Ct-G. Decreasing the time and cost to developing
novel industrially relevant catalysts

Ct-N. Multi-scale computational framework towards
accelerating technology development

ADO-D. Technical Risk of Scaling

Project Goal

Enable success of ChemCatBio technology
pathways by:

(1) providing actionable surface chemistry
information towards accelerating catalyst
formulation innovation and development,

(2) providing critical characterization of mass and
heat transfer effects to enable optimal design of
catalyst particles, and

(3) determining and applying kinetic rates of
reactions for catalysts to enable scale-up of
catalytic conversion processes

End of Project Milestone

Construct a multi-scale model of the Pt/TiO, catalyst for
upgrading of fast pyrolysis oil in the Catalyst Fast Pyrolysis (CFP)
pathway. The multi-scale model will contain atomic, meso, and
reactor-scale elements, and kinetic rates of reaction determined
in conjunction with experimentalists will be utilized for modeling
conversion at the reactor scale. Catalytic phenomena and
parameters characterized and determined by atomic and meso
scale models will be incorporated into the reactor scale model in
reduced order form. The resulting reactor model will capture both
catalytic upgrading and catalyst regeneration (coke oxidation)
steps. Cases studied with the model will be analyzed to provide
guidance for optimal product yield and information to Techno-
Economic Analysis.

Funding Mechanism
Annual Operating Plan (core BETO project)

*** FCIC=Feedstock Conversion Interface Consortium; MYPP=Multi-Year Program Plan (BETO)




Consortium for Computational Physics and Chemistry (CCPC)
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Special thanks to DOE BETO Technology Managers:

Trevor Smith, Andrea Bailey, Sonia Hammache, and Kevin Craig

CCPC

Consortium for Computational
Physics and Chemistry
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U.S. DEPARTMENT OF ENERGY

BIOENERGY TECHNOLOGIES OFFICE

*Seonah Kim and Yeonjoon now at Colorado State University; **Aaron Lattanzi now at University of Michigan;

***Sneha Akhade now at LLNL; ****Matt Jankousky now at Colorado School of Mines
Chem Bio
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Responses to Previous Reviewers’ Comments (FY2019 Peer Review)

* Positive Feedback:
« “..a very impressive effort that covers many scales of catalyst/reactor performance.”

* “A well organized, expansive center level effort which did an excellent job of demonstrating its pervasive value throughout CCB

[ChemCatBio].”

“The approaches taken by computational physics and chemistry team are the scientifically sound application of mathematical
models to problems arise from biomass conversion technologies.”

“The operation of the CCPC is to what all the Enabling Capability projects might aspire. What a solid, helpful, impactful

consortium.”

* Advice and Constructive Criticism:
* “Experimental validation will always continue to be the key to computational programs building both the researchers and process

deign engineer’s confidence as reasonable agreement is reached at all scales.”
* Response: We agree and continue to observe the critical need for high quality experimental validation. We continue to improve in our
interactions with experimentalists toward this key.
» “Atomic scale activities should continue to show clearly how the computer experimental results will be incorporated in reaction

engineering models for MFiX and the anticipated implications of these new simulations.” & “CCPC has an opportunity to
demonstrate how all of these efforts mathematically fit together at least at a simple first approach to establish the “knowledge

train” for a commercial design basis.”
* Response: Yes, we like the “knowledge train” objective to bridge our multi-scale models. We have made progress in linking kinetics and meso-
scale models to fixed bed reactor models. We have more progress to complete our “train” from atomic to reactor.

» “..the group is encouraged to pursue leverage with the existing basic science programs.”
* Response: We agree. We have leveraged basic energy sciences programs specifically related to atomic-scale catalysis modeling techniques.

» “..machine learning algorithms might be a great fit for these multiscale reactor models....”
* Response: We agree. We have leveraged machine learning tools and continue to pursue this approach along with high-performance computing.

Note: select reviewer comments shown. For full reviewer assessment, see 2019 BETO Peer Review Report at www.energy.gov/eere/bioenergy/2019-project-peer-review-report
Bioenergy Technologies Office |
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Publications, Patents, Presentations, Awards, and Commercialization: 4 CCPC
Summa Iy (following slides contain more detail and full list of publications and presentations) . Sy

* Publications:
* 40 journal publications since Jan. 1, 2019
* 10 additional submissions under review

* Patents:
* No patents

* Presentations:
* 52 presentations since Jan. 1, 2019

 Awards:
e 2 Conference Best Poster Awards
e 3 Journal Cover Features

e Commercialization:

* Note: a primary method of technology transfer for the
CCPC is the release of open-source code (cited here).

* 12 Repositories of CCPC open-source code
on CCPC GitHub site at:

* github.com/ccpcode

Note: Publications and presentations in this section represent CCPC publications

associated with R&D with ChemCatBio, FCIC, and Bioprocessing Separation consortia

Chem Bio

25

20

1

o

Annual Publication/Presentation Counts
H
(02] (0]

o

BIOENERGY TECHNOLOGIES OFFICE

BETO Consortium for Computational Physics and Chemistry
Publications and Presentations

M Publications M Presentations ]

2013 2014 2015 2016 2017 2018 2019 2020 2021*

Calendar Year

*For 2021 data, solid bar represents accepted publications through Feb. 17, 2021; cross-hatch
bar represents publications submitted that are currently under review and revision.

Bioenergy Technologies Office | 43



Awards and Notable Recognition 4 CCPC

Consortium for Computational
Physics and Chemistry

U.S. DEPARTMENT OF ENERGY
wwwwwwwwwwwwwwwwwwwwwwwww

Awards:
* Best Poster Award @ 2020 Virtual AIChE Annual Meeting, November 16-20, 2020.

* Bhattacharjee, T. et al. “Effects of Preprocessing Parameters on Material Attributes and Flow Behavior of Loblolly Pine”.

* Best Poster Award @ 2019 AIChE Annual Meeting, November 10-15, 2019, Orlando, FL.
e Bhattacharjee, T. et al. “Mechanical Properties and Bulk Flow Characterization of Loblolly Pine.”
Journal Article Featured on Cover of Industrial & Engineering Chemistry Research:

M. Zhou, L. Cheng, B. Liu, L. A. Curtiss, and R. S. Assary, A First-Principles Investigation of Gas-phase Ring-Opening Reaction of Furan
over HZSM-5 and Ga-Substituted ZSM-5, Ind. Eng. Chem. Res. 2019, 58, 15127-15133.

Journal Article Featured on Cover of The Journal of Physical Chemistry C:

THE JOURNAL OF

PHYSICAL M. Zhou, H. A. Doan, L. A. Curtiss and R. S. Assary, Effect of Ni Dopant on Furan Activation over Mo,C Surface:
M5 I IRINNG Insights from First Principles-Based Microkinetic Modeling, J. Phys. Chem. C. 2020, 124, 5636-5646.
_ 1‘., - / Journal Article Featured on Cover of ACS Catalysis:

I SIS ":' Vanessa Lebarbier Dagle, Austin D. Winkelman, Nicholas R. Jaegers,
- ' Johnny Saavedra-Lopez, Jianzhi Hu, Mark H. Engelhard, Susan E.

.~ Habas, Sneha A. Akhade, Libor Kovarik, Vassilliki-Alexandra Glezakou,
Roger Rousseau, Yong Wang, and Robert A. Dagle, Single-Step
Conversion of Ethanol to n-Butene over Ag-ZrO,/SiO, Catalysts, ACS
Catalysis, 10(18), 10602-10613.
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ChemCatBio)

Lattanzi, A.M., Pecha, M.B., Bharadwaj, V.S. and Ciesielski, P.N., 2020. Beyond the effectiveness factor: Multi-step reactions with intraparticle diffusion
limitations. Chemical Engineering Journal, 380, p.122507. https://doi.org/10.1016/j.cej.2019.122507 (2020, ChemCatBio)
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Catalysis, 2021, submitted. (2021, ChemCatBio)
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Oluwafemi Oyedeji et al., “Multiscale modeling of autothermal pyrolysis of corn stover”, TCS2020 (Virtual).

Brennan Pecha et al., “High fidelity multiscale modeling of fast pyrolysis of woody feedstock blends in a fluidized bed reactor and entrained flow reactor”, TCS2020 (Virtual).
Banerjee, S., Shahnam, M., Rogers, W., “Transient Reacting Flow Simulation of Biomass Combustion in a Pilot-Scale Circulating Fluidized Bed Combustor’, 2020 Virtual AIChE Annual
Meeting, November 16-20, 2020.

Mike Griffin, Brennan Pecha and Bruce Adkins, “Advancing Catalytic Fast Pyrolysis through Integrated Experimentation and Mulit-Scale Computational Modelling”, ChemCatBio
Webinar, Jan 13, 2021.
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* FCIC Webinar series
* Xia, Y. & Ciesielski, P. “FCIC Modeling 1”, February 11, 2021.
2020 Virtual AIChE Annual Meeting, November 16-20, 2020
* Rahimi, M. et al. "Computational modeling of a biomass screw-feeder with compressible non-Newtonian rheology".
* Chen, F. et al. “A Hysteretic Nonlinear Elastoplastic Contact Model for Discrete Element Modeling of Milled Woody Biomass”.
* Jin, W. et al. “A Multi-Regime Continuum Approach for Modeling Flow of Granular Pine Chip”.
* Jin, W. et al. “Effects of Preprocessing Parameters on Material Attributes and Flow Behavior of Loblolly Pine”.
* Ahsan, S. et al. “Computational Fluid-Dynamics Modeling of Biomass-Feedstock Flow Using a Non-Local Granular-Fluidity Constitutive Model”.
* Bhattacharjee, T. et al. “Effects of Preprocessing Parameters on Material Attributes and Flow Behavior of Loblolly Pine”.
International Powder & Bulk Solids Conference & Exhibition, The Powder Show Digital Flow (virtual), October 1, 2020.
* Xia, Y. “Limitations and Best Practice for DEM Modeling of Biomass”.
ASABE Annual Meeting 2020 (virtual), July 13-15, 2020
* Xia, Y. et al. “FCIC Materials Handling Project Overview and R&D Highlights”.
* Klinger, J. et al. “Bulk Physical, Mechanical, and Shear Properties of Loblolly Pine and Flow Characterization in Variable Wedge Hopper Geometries”.
* Jin, W. et al. “Multi-scale Computational Modeling of Milled Biomass Flow with Multi-regime Constitutive Model”.
* Xia, Y. et al. “Discrete Element Modeling for the Flow of Milled Biomass: Current State of the Art and Applications”.
* Ahsan, S. et al. “Non-local granular fluidity based constitutive modeling of woody biomass feed flow”.
2019 AIChE Annual Meeting, November 10-15, 2019, Orlando, FL.
* Jordan, K. et al. “Experimental Study of Intermediate Storage and Discharge of Compressible Biomass Particulate Solids in a Wedge-Shaped Hopper of Changing Geometry”.
* Bhattacharjee, T. et al. “Mechanical Properties and Bulk Flow Characterization of Loblolly Pine.”
* Xia, Y. “Discrete Element Modeling of Granular Flow of Flexible Woody Biomass Particles”.
2019 The Society of Rheology Annual Meeting
» Stickel J. et al. “Parameter determination of the non-local granular fluidity model for wood chips by comparison to well-defined experimental flow systems.”
* Engineering Mechanics Institute Conference 2019, June 18-21, 2019, Pasadena, CA.
* Xia, Y. et al. “Discrete Element Modeling of Granular Flow of Flexible Woody Biomass Particles”.
* Jin, W. et al. “On the Implementation and Application of a Critical State Particle Mechanics Enhanced Drucker-Prager/Cap Model for Biomass Flow”.
2019 AIChE Annual Meeting, October 28 — November 2, 2018, Pittsburg, PA.
* Westover, T. et al. “Flow Behavior of Particulate Pine Forest Residues and Corn Stover: A Comparison of Experiments and Simulations”.
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Presentations [Feedstock Conversion Interface Consortium]:

1.

o

Chem

Xi Gao, Jia Yu, Ligiang Lu, Cheng Li, William A. Rogers. SuperDEM-CFD: Open Source Parallel Solver for Non-Spherical Particle-Fluid Fluidization Systems. 2020 Virtual AIChE Annual
Meeting.

Xi Gao, Ligiang Lu, James E. Parks, Mehrdad Shahnam, Madhava Syamlal, Simulation-Based Engineering of Biomass Fast Pyrolysis Reactors, Session: Fluidization: In Honor of Stuart
Daw (Invited Talks), 2020 Virtual AIChE Annual Meeting.

Xi Gao, Jia Yu, Ricardo J.F.Portal, William A.Rogers, Superquadric particle method for non-spherical DEM simulation in open source MFiX: development, implementation and
verification. AIChE 2019 Annual Meeting, Orlando, Nov 2019.

Ligiang Lu, Xi Gao, Aytekin Gel, Mehrdad Shahnam, William A. Rogers. Influences of Biomass Compositions, Particle Sizes, and Fluidization Gases on Fast Pyrolysis. 2020 Virtual AIChE
Annual Meeting.

Ligiang Lu, Xi Gao, Mehrdad Shahnam, William A. Rogers, Hybrid drag model for the simulation of biomass fast pyrolysis. AIChE 2019 Annual Meeting, Orlando, Nov 2019.

Gavin Wiggins, “Using Python to Model Biomass Pyrolysis Reactors”, SciPy 2019, Austin, TX, July 2019.

Zachary Mills, Xi Gao, Ligiang Lu, Gavin Wiggins, Charles Finney, Jim Parks, “Influence of Operating Parameters on Mixing and Elutriation in Fluidized Bed Pyrolysis Reactors”, 2019
Multiphase Flow Science Workshop, Morgantown, WV, August 2019.

Bioenergy Technologies Office | 53



ChemCatBio

Chemical Catalysis for Bioenergy

4 CCPC

S
‘Q Consortium for Computational
Physics and Chemistry

U.S. DEPARTMENT OF ENERGY

BIOENERGY TECHNOLOGIES OFFICE

Thank You!

D o T e Office of ENERGY EFFICIENCY
ENERGY & RENEWABLE ENERGY
BIOENERGY TECHNOLOGIES OFFICE
54



	Slide Number 1
	Project Overview
	Management
	Bioenergy Technologies Office (BETO) Consortia
	Bioenergy Technologies Office (BETO) Consortia
	CCPC Industry Engagement via Advisory Boards
	CCPC Management Approach Utilizes Technical Liaisons
	CCPC Management Approach Utilizes Technical Liaisons
	Management: ChemCatBio Foundation – FY21 
	CCPC Coordination, Integration, and Outreach
	Supporting Development of ChemCatBio DataHub: Catalyst Property Database
	Approach
	CCPC Timeline: Continued Evolution to Meet Needs
	Consortium for Computational Physics and Chemistry (CCPC)
	Risks and Mitigation Strategies
	Risks and Mitigation Strategies
	Risks and Mitigation Strategies
	Responses to Previous Reviewers’ Comments (FY2019 Peer Review)
	New Directions for the CCPC in High Performance Computing
	A New Approach for the CCPC Being Pursued on Summit
	FY2020 Go/No-Go Passed: Kinetics Approach Assessment
	Impact:�Atomic-Scale Modeling
	Role of H2 on Cu oxidation state in Cu-Zn-Y/BEA (Beta) zeolite for upgrading of ethanol explains experimental results of varying selectivity with H2 partial pressure
	Lewis acid and solvent effect on glucose conversion to hydroxymethylfurfural (HMF)
	Reaction pathway to minimize coke formation for increased time on stream shown via model of reaction thermodynamics for metal nanoparticles on ZrO2/SiO2
	Impact:�Meso-Scale Modeling
	Mesoscale modeling predicts synthesis targets for optimal catalyst particle porosity for improved performance 
	Extending classic fundamentals to solve new catalysis problems – cascading reactions with diffusion limitations 
	Impact:�Reactor-Scale Modeling
	Coke oxidation in catalytic packed bed reactor captured by model
	CCPC reactor models inform path forward for Catalytic Fast Pyrolysis
	Progress and Accomplishments
	Performance and Deactivation Mechanisms for Pt/TiO2 Hydrodeoxygenation Catalysts
	Activity and Water Stability of MgO(111) for 2-pentanone condensation
	Identification of Active Carbide/ Nitride Catalysts for Hydrodeoxygenation (HDO) 
	Development of Deep Learning Models for Catalytic Reactions 
	Slide Number 37
	Summary: Consortium for Computational Physics and Chemistry
	Quad Chart Overview: Consortium for Computational Physics and Chemistry (CCPC)
	Consortium for Computational Physics and Chemistry (CCPC)
	Additional Slides
	Responses to Previous Reviewers’ Comments (FY2019 Peer Review)
	Publications, Patents, Presentations, Awards, and Commercialization: Summary (following slides contain more detail and full list of publications and presentations)
	Awards and Notable Recognition
	Publications [Page 1 of 4]
	Publications [Page 2 of 4]
	Publications [Page 3 of 4]
	Publications [Page 4 of 4]
	Recent Publications Submitted (under review or revision)
	Presentations [Page 1 of 4]
	Presentations [Page 2 of 4]
	Presentations [Page 3 of 4]
	Presentations [Page 4 of 4]
	Thank You!

